ABSTRACT The lesser mealworm, Alphitobius diaperinus (Panzer), is an important economic pest in poultry production systems. Spatial analysis of the beetle population and environmental parameters can aid the integrated management of this pest species. A mealworm population was monitored weekly using tube traps in a broiler facility for Þve consecutive ßock grow-outs ranging from 5 to 8 wk each. Litter temperature, pH, and relative humidity were measured concurrently at six of the same locations as tube trap placement. A geographic information system was used to display weekly spatial relationships of adult and larval beetles during each ßock grow-out. Spatial maps of beetle populations showed that low numbers of the beetles were found in the half of the facility used to initiate each ßock grow-out during weeks 1Ð3. Beetle numbers increased continuously in all areas of the facility in latter weeks of each grow-out. Using ranges of environmental conditions considered favorable to the beetles, we developed a model to predict locations of high beetle densities. A comparison of the predictive model to actual counts of adult and larval beetles showed percentages of agreement ranging from 20.0 to 86.7%. The accuracy of the predictive model had limits imposed by house environmental conditions and by beetle movement restrictions. Spatial maps of beetle occurrence based on trap counts display areas in the facility where control efforts would have the greatest impact on beetle numbers, whereas modeling is a less costly alternative than conventional sampling methods for Þnding areas of high beetle occurrence.
MANAGEMENT OF THE lesser mealworm, Alphitobius diaperinus (Panzer), is an important concern for poultry producers. The mealworm serves as a carrier for several pathogenic organisms including Salmonella typhimurium (Loefßer), infectious bursal disease virus, and Escherichia coli (McAllister et al. 1994 (McAllister et al. , 1995 (McAllister et al. , 1996 . Tunneling of the adult and larvae into poultry house insulation can cause a reduction of insulative efÞ-ciency (Despins et al. 1987) . In addition, the consumption of adult and larval mealworms by chickens and turkeys has resulted in decreased weight gains of the birds (Despins and Axtell 1995) . Losses caused by the mealworm, which have been estimated to be more than $3 million annually for Virginia alone, have placed beetle management as a high priority (Turner 1986) .
Geographic information systems (GIS) have been used on several levels to study and manage economically important pests. One type of GIS application is the creation of maps to visualize and monitor insect populations based on Þeld samples. Brenner et al. (1998) mapped the location of German cockroaches, Blattella germanica (L.), and other pests in buildings, submarines, rearing facilities, and grain storage bins based on trap captures. Everitt et al. (1996) used video imagery, canopy reßectance, and global position systems to indirectly detect and map the whiteßy (Bemesia sp.) and the red harvester ant, Pogonomyrmex barbatus (F. Smith). Other insects mapped using a GIS include the tsetse (Glossina sp.) (Reid et al. 1997) , the spruce budworm, Choristoneura fumiferana (Clemens) (MacLean et al. 2000) , and the western pine beetle, Dendroctonus brevicomis LeConte (Everitt et al. 1997) .
Another application of GIS is the prediction of insect populations based on a set of rules. The gypsy moth, Lymantria dispar (L.), has been modeled in programs such as Slow-The-Spread in which pheromone traps, population movement rates, and economic thresholds were used to estimate the beneÞt of gypsy moth control in transition areas (Leuschner et al. 1996) . Healey et al. (1996) proposed a plan for locust population forecasting in which previous locust densities, meteorological data, and topology were overlaid to predict future locust movements and population densities from current conditions. Validation is an important component of predictive modeling. Error matrices are frequently used to derive percent agreement between the model and Þeld collected data (RosenÞeld et al. 1982 , Brewster et al. 1999 . Error matrices can be accessed using the Kappa statistic, which shows if the results are signiÞcantly better than random (Congalton 1991) .
Most applications of GIS use a large scale, and they frequently use remotely sensed satellite data. GIS programs, however, are scale-less and can be applied to any spatially referenced data set. We report the development of a GIS procedure that provides spatial display of adult and larval A. diaperinus populations in a broiler house that can be used to aid decision making in an integrated management program for this economically damaging pest. We also describe a model that predicts areas of high beetle density from a set of environmental criteria. Validity of the model was assessed using Þeld-collected beetle counts.
Materials and Methods
Data Collection. Data were collected from a broiler house located 18.6 km east of Fayetteville, AR. The house was 14 m wide and 99 m long with the long axis orientated east to west. One of the two feeder lines that spanned the length of the house was 2 m from the north wall, and the other line was 2 m from the south wall. The ßoor of the house was composed of a woodshaving litter. The lesser mealworm was sampled using Arends tube traps that consisted of 24-cm lengths of 4-cm-diameter PVC pipe that contained a 21.5-cm length of rolled corrugated cardboard (Safrit and Axtell 1984) . The traps were placed on the litter surface in a 15-trap array 1Ð2 d after chicks were introduced at the start of each ßock grow-out. Beginning at 15.2 m into the house, a tube trap was placed between the feeder line and the wall on both sides of the house and a third trap was placed in the center of the house between the other two traps. Traps were similarly placed every 15 m down the length of the house, forming a trap array of Þve rows of three traps each in a square grid pattern. After 1 wk, the traps were collected in plastic bags and new traps were placed in the same sites. This weekly process was continued until the chickens were removed at the end of the ßock grow-out. The same trap locations were used each week to provide sensitivity to changes in spatial patterns of the beetle population (Brenner et al. 1998) , and the grid sampling pattern facilitated location of sample sites each week. After each collection, the traps were transported to the laboratory, frozen at Ϫ17.8ЊC, and the beetles counted as either adult or larva. Voucher specimens were deposited in the Department of Entomology Museum, University of Arkansas, Fayetteville. The complete data set covered Þve grow-outs lasting 5, 7, 8, 5, and 6 wk, respectively.
At the time of each tube trap collection, three environmental parameters were measured at six sites. Measurements were taken between the feeder line and the wall on each side of the house beginning at 15.2 m into the house and again at 45.2 and 75.2 m. Litter pH was measured with a pH meter (Accumet 95 pH/ion meter, Pittsburgh, PA) from samples taken at the litter surface. Litter temperature was taken at Ϸ6 cm beneath the litter surface using a probe thermometer (Digidial PDT 300k, Beaverton, OR). A sling psychrometer was used to take wet and dry bulb temperature and these data were used to calculate relative humidity at 1.2 m above the litter surface.
Population Monitoring. Each tube trap was spatially referenced with respect to the southwest corner of the house and assigned x and y coordinates. Tube trap counts of adult and larval beetles for each week were entered into a spatial analysis program (Idrisi, Clark Laboratories, Worcester, MA). Interpolation using inverse cubed distance was performed between the data points to create a continuous surface map using all pairs of data points. Inverse distance interpolation using high exponents has been shown to have an error sum of squares comparable to other interpolation methods, such as kriging (Weisz et al. 1995) . The population was then grouped into seven levels of beetle occurrence. This process of creating spatial maps was repeated for each weekly adult and larval beetle count.
Model Creation. The interpolation method outlined above for creating spatial maps was followed for each of the three environmental parameters. From the results of previous studies (Barké and Davis 1969 , Ichinose et al. 1980 , Rueda and Axtell 1996 , Longing 2001 , ranges of environmental parameters most favorable to beetle growth were identiÞed in each of the maps. The data indicating these ranges were removed from the maps based on the rules listed in Table 1 and placed into three new sets of Boolean maps that showed areas expected to have the highest beetle numbers for each week. Overlay of the three environmental map sets created a predictive model that only displayed areas in the broiler house having conditions that appeared to be the most favorable to the beetle on a weekly basis.
Model Validation. Each of the 15 tube trap counts for larvae and adults taken each week were classiÞed as either a Ô0Õ or Ô1,Õ where a Ô0Õ indicated a low count and a Ô1Õ indicated a high count. A tube trap was considered to have a high count if it had more than the average number of beetles caught for that particular week. The 15 corresponding locations in the predictive model maps were also reclassiÞed so that a Ô0Õ indicated a predicted low beetle count and a Ô1Õ indicated a predicted high count. The validity of the predictive model was then accessed using error matrices, in which the model output for each week was compared with tube trap counts at the 15 sampled locations (PROC FREQ, SAS Institute 1997). The overall percent agreement between the model and actual beetle counts was found by adding values along the matrix diagonal and dividing by the total number of values. The Kappa statistic was found for each matrix to rate the level of agreement between model and actual counts (PROC FREQ Exact Kappa, SAS Institute 1997). Results Population Monitoring. Population maps of adult and larval mealworms as interpolated from actual tube trap counts are shown as a series of maps in Fig. 1 , where successive weekly maps were grouped for each ßock. Both sets of maps showed similar trends of population size and movement for adult and larval mealworms through the Þve ßock grow-outs. The average number of beetles caught during the Þrst ßock growout was Þve adults and six larvae per trap. The beetle numbers increased to an average of 142 adults and 456 larvae per trap during grow-out 3, and then the numbers diminished through the fourth and Þfth ßock grow-outs. Within each ßock grow-out, the Þrst week generally had the lowest beetle numbers concentrated in the east end and in the center of the house. The population then began to spread into the west end of the house during each successive week. For example, in the Þrst week of the third grow-out, an average of 86 adult and eight larval beetles per trap was caught. By the eighth week of the third ßock grow-out, the beetle population was distributed throughout the entire house and averaged 339 adults and 808 larvae per trap.
Model Results. Means and standard errors of environmental measurements used to create the model are summarized in Table 2 , which shows that environmental conditions were relatively uniform over the facility. Maps of the broiler house that display areas predicted to contain the greatest beetle numbers on a weekly basis are shown in Fig. 2 . Analyses of the error matrix between the model and actual locations of high adult and larval populations demonstrated how well the model predicted areas of high beetle numbers. The percent agreement between the predictive model and actual locations of adult beetle occurrence ranged from 26.7% in the sixth week of the second grow-out up to 86.7% agreement in the Þrst week of the Þrst grow-out (Table 3) . Agreement between the predictive model and larval occurrence ranged from 20.0 to 86.7% (Table 4) . The agreement between predictive model and actual adult and larval beetle occurrences was consistently highest during the later grow-outs. When agreement between the model and actual values was at its highest value, the Kappa statistic was 59.5%, showing a signiÞcant degree of agreement (P Ͻ 0.10). At the lowest agreement value, however, the Kappa statistic was 1.9% and not signiÞcant.
Discussion
Spatial maps that monitored the beetle population using tube trap samples readily displayed areas of highest beetle occurrence. Both entomologists and poultry production system managers can easily interpret the spatial contour maps. Maps of the beetle distribution could be used in the decision making process within an integrated beetle management program by identifying speciÞc locations within the house that would provide management tactics exposure to the greatest number of beetles. In addition, using the spatial mapping to target the largest number of beetles could greatly reduce the amount of insecticides used in these facilities. Our predictive model provided varying levels of agreement with beetle numbers from Þeld counts. Although models have rarely been shown to be 100% accurate, the accuracy of the predictive model used in this study provided up 86.7% overall agreement and used only six sites to characterize the environmental parameters in the broiler facility. The use of a more extensive population sampling technique would probably have identiÞed beetle concentrations more precisely and perhaps improved model accuracy.
The accuracy of our model had limits imposed by the dynamics of the beetle population and by environmental conditions within the house. Although environmental conditions within the facility were largely uniform during each week, conditions changed from one week to the next and ideal locations for the beetle, as predicted by the model, moved on a week to week basis. The data indicated that the beetles were not always Þnding and congregating in the locations predicted by the model. Although rules for creating the predictive model remained the same for each growout, its accuracy was consistently highest in the later grow-outs. One possible cause of this trend might be the size of the beetles in relation to the size of the broiler facility. The beetlesÕ small size might have hindered their movement to areas of the house most suitable for their survival. It appeared that only during the weeks of the last grow-out were the beetles able to aggregate in preferred areas speciÞcally predicted by the model.
Tube trap collection and beetle counting is time consuming. Therefore, creating maps of areas having high beetle numbers based on environmental parameters provides a population monitoring capability that can predict where beetle numbers should be highest without having to conduct extensive beetle population sampling. In addition, management tactics such as use of beetle-speciÞc insecticidal baits and biological control agents could be placed in the speciÞc areas of the facility that GIS mapping identiÞed. 
